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Abstract 

This  report  summarizes  the  results  from  a  twelve-month  study  of  the  feasibility 
of  applying  certain  basic  concepts  in  thermochemical  modeling  to  aircraft  cabin 
fire  safety.  The  concepts  developed  earlier  on  a  NASA- sponsored  program  were 
applied  to  six  specific  tasks  dealing  with  the  thermochemical  performance  of 
Interior  carpets  and  seat  cushions.  The  specific  objective  was  to  predict  the 
burning  rate  as  a  function  of  the  material  property  values,  geometry  and  heat 
flux;  more  important,  It  was  the  aim  to  predict  and  provide  rationale  for  cer¬ 
tain  special  features  that  have  been  experimentally  observed  by  the  FAA.  It 
was  also  the  specific  objective  to  Introduce  new  concepts  that  have  not  been 
the  subject  of  pursuit  at  other  centers.  That  Is,  the  novel  concepts  developed 
at  JPL  were  highlighted.  Three  fundamental  hypotheses  were  introduced:  the  con¬ 
densed  phase  degradation  of  the  polymeric  material  Is  the  overall  rate-limiting 
step;  the  extent  of  degradation  at  the  vaporization  step  (at  the  surface)  is  not 
arbitrary  but  has  to  be  specified  by  a  scientific  criterion  such  as  the  vapor 
pressure  equilibrium  criterion;  and  the  diffusion/mixing  of  the  pyrolysis  prod¬ 
ucts  with ^the  oxidizer  (air)  Is  the  rate-limiting  step  In  the  vapor  phase  com¬ 
bustion. fCThe  results  Indicate  that  the  assumption  of  condensed-phase  reaction 
as  the  rate^J  imiting  step  Is  correct,  that  the  thermochemical  performance  can 
be  predicted  using  the  ingredient  properties  only,  and  that  a  certain  theoreti¬ 
cal  result  preateted  by  this  model  Is  In  qualitative  agreement  with  experimental 
observations.  For^qxample,  It  Is  predicted  that  a  typical  carpet  can  not  burn 
under  Its  own  flame  out  needs  augmentation  by  an  external  radiation  source  for 
sustained  burning,  and  this  was  observed  experimentally. 
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NOMENCLATURE 


B  Pre-exponential  constant  for  thermal  degradation  (sec"*) 

cn..  Specific  heat  of  vapor  phase,  at  constant  pressure 
9  (cal  gm"loC-1) 

c  Specific  heat  of  solid  polymer  (cal  gm-loC-1) 

c",  c+  A  point  immediately  above  and  below  the  charring  temperature  Tc, 
respectively 

D  Energy  for  complete  depolymerization  of  polymer  (cal  gm-1) 

E  Activation  energy  for  thermal  degradation  of  polymer  (cal  mole-*) 

FSC  Number  of  monomer  units  of  degraded  polymer  at  charring  temperature 

FSV  Number  of  monomer  units  in  a  statistically  averaged  vaporizing 

fragment  at  the  surface 

k  Thermal  conductivity  coefficient  (cal  cm-*  sec-loC-1) 

k £,  k^  Thermal  conductivity  of  charred  and  uncharred  material,  respectively 

L  Thickness  of  material  (cm) 

m  Mean  mass  of  vaporizing  species  at  the  surface  (gm) 

M  Mean  molecular  weight  of  vaporizing  species  at  the  surface  (gm 

g-mole"1 ) 

N  Number  of  bonds  In  the  polymer  at  any  location  normalized  with  respect 

to  the  number  in  the  unaffected  state. 


P  Mean  pressure  of  the  system  (atm) 

q"s  Surface  heat  flux  from  vapor  phase  (cal  cm"2  sec**) 
R  Universal  gas  constant  (cal  g-mole"1  K"1) 

r  Linear  regression  rate  of  polymer  solid  (cm  sec-1) 

t  Time  (sec) 

T  Temperature  (K) 

Tb  Time-averaged  peak  temperature  in  vapor  phase  (K) 

T£  Charring  temperature  (K) 

T0  Initial  temperature  (K) 

Ts  Surface  temperature  (K) 


*  .♦ 


Distance  coordinate  normal  to  the  surface  (cm) 


Flame  standoff  distance  (cm) 

Flow  velocity  (cm  sec"*) 

Thermal  diffusivity  (cm2  sec'1) 

Thermal  thickness  (cm) 

Emittance 
Density  (gm  cm"3) 

Stefan-boltzmann  constant  (1.355  x  10'12  cal  sec'1  cm'2  K”4) 


ix 


1.  INTRODUCTION 


Occasional  but  serious  aircraft  cabin  fires  have  raised  concerns  about  the 
fire  safety  of  the  materials  used  In  the  aircraft  interior.  Interest  has 
arisen  recently  for  the  performance  of  these  materials  under  tire  conditions, 
which  is  becoming  an  important  factor  In  material  design  and  selection. 
Naturally  then  the  prediction  of  the  performance  through  thermochemical  model¬ 
ing  has  emerged  as  an  economic  and  logical  approach  In  Improving  fire  safety 
worthiness  for  Its  ultimate  aim. 

The  Federal  Aviation  Administration  (FAA)  Is  currently  sponsoring  modeling 
activities  at  the  National  Bureau  of  Standards.  Harvard  University.  University 
of  Notre  Dame.  University  of  Dayton  Research  Institute,  and  Factory  Mutual 
Research  Corporation.  The  present  work  performed  at  Jet  Propulsion  Laboratory 
(JPL)  Is  but  one  part  of  an  overall  program  sponsored  by  the  FAA.  Hence,  this 
work  complements  and  does  not  substitute  for  the  extensive  works  performed 
elsewhere. 

Unlike  the  recent  study  on  structural  materials  (reference  1),  the  present 
work  is  a  new  direction  of  the  effort  to  apply  some  basic  thermochemical  prin¬ 
ciples  to  the  combustion  of  interior  materials,  such  as  carpets  and  seats, 
under  conditions  specified  by  FAA.  The  specific  objective  Is  to  predict  the 
burning  rates  of  these  materials  under  pyrolyzing  (non- flaming)  and  flaming 
conditions.  The  effects  of  flame-retarding  agents,  external  radiant  heat  flux, 
and  pressure  change  on  the  burning  rates  are  also  studied. 

The  significance  of  this  work  lies  in  the  new  concepts  introduced,  which 
can  be  summarized  in  terms  of  three  fundamental  hypotheses: 

1.  The  Importance  of  the  condensed  phase  degradation  Is  emphasized  In 
predicting  the  burning  rates. 

2.  The  degraded  matter  vaporizing  and  leaving  the  surface  (vaporlzate)  Is 
specifically  described  using  the  vapor  pressure  equilibrium  criterion. 

3.  The  gas  phase  combustion  is  treated  as  controlled  by  diffusion  mixing 
of  oxidizer  and  fuel  and  no  kinetic  considerations  may  be  necessary  In 
many  cases  of  practical  Interest. 

The  results  obtained  from  this  work  are  In  qualitative  agreement  with  the 
experimental  observations  made  by  FAA.  Since  the  current  work  Is  limited  to 
theoretical  modeling,  a  detailed  quantitative  comparison  of  the  predicted 
values  with  experimental  results  has  not  been  made. 


2.  GENERAL  APPROACH. 

The  thermochemical  model  used  In  this  work  was  Initially  developed  (refer¬ 
ences  2,  3,  4)  and  applied  mainly  for  the  study  of  behaviour  of  a  class  of 
heterogeneous  materials,  namely  solid  propellant  combustion.  The  regression 
rates  of  solid  propellants  predicted  by  this  model  were  seen  to  match  well  with 
experimental  observations.  Since  the  thermochemical  performance  of  Interior 


materials  can  be  described  by  the  same  physico  chemical  phenomena  (i.e.,  gover¬ 
ning  equations)  as  the  combustion  of  propellants,  the  same  theoretical  bases 
are  utilized  in  the  present  work. 

The  model  differs  from  those  available  in  the  literature  in  three  impor¬ 
tant  aspects.  Based  on  a  diverse  set  of  experimental  data,  the  condensed  phase 
degradation  is  emphasized  as  the  overall  rate-limiting  reaction.  A  scientific 
criterion  in  specifying  the  degree  of  degradation,  based  on  fragment  size  vapo¬ 
rizing  (FSV ) ,  is  introduced.  Lastly,  the  gas  phase  reaction  is  wholly  treated 
as  a  diffusion  (mixing)  -controlled  process.  Since  the  details  are  available 
elsewhere  (references  2,  3,  4),  only  a  brief  description  of  the  model  is  given 
here. 

The  geometry  under  consideration  is  one-dimensional,  as  shown  in  Figure  1. 
In  the  present  work,  the  steady-state  reactions  in  the  condensed  phase  and  gas 
phase  are  considered. 

(a)  Condensed  Phase  Details. 

The  heat  input  for  the  condensed  phase  degradation  can  be  the  result 
of  either  one  or  both  of  two  heat  fluxes  incident  on  the  surface,  i.e.,  one 
from  the  flame  for  which  the  fuel  is  supplied  by  the  vaporizate  from  the 
surfaces,  and  the  other  from  an  external  radiation  source.  The  heat  is 
conducted  from  the  surface  to  the  interior,  providing  the  heat  needed  for  the 
endothermic  degradation  reaction.  The  reaction  is  modeled  as  a  first-order 
reaction  subject  to  Arrhenius  type  temperature  dependence. 

The  equation  of  energy  then  becomes 

k  —  +  cpr  —  =  DPNB  exp  (-E/RT)  (1) 

dx2  dx 

The  right  hand  side  of  this  equation  is  the  heat  sink  term  corresponding  to  the 
endothermic  first-order  degradation  reaction  described  by 

- 1  =  B  exp  (-E/RT)  (2) 

N  dt 

The  symbol  N  represents  the  number  of  bonds  per  unit  mass  normalized  with 
respect  to  that  of  virgin  material. 

The  boundary  conditions  for  the  differential  equations  are 

T  «=  T$  at  x  =  o,  T  =  TQ  at  x  =  *  (3) 

N  =  1  -  —1—  at  x  =  o,  N  *  1  at  x  =  (4) 

FSV 

The  symbol  FSV  stands  for  fragment  size  vaporizing,  whose  importance  is  well 
known  from  earlier  works  (references  2,3).  The  formula  for  FSV  was  evolved 
after  some  study  of  hydrocarbon  vapor  pressure  data  published  by  the  American 
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FIGURE  1.  THE  THERMOCHEMICAL  MODEL  FOR  CONDENSED  PHASE  DEGRADATION  UNDER  SHEET  FLAME. 


Petroleum  Institute  (reference  5),  which  predicts  the  fragment  weight  of  the 
vaporizate  as  a  function  of  surface  temperature  TS(K)  and  pressure  P  (atm). 

m  =  32.8  P‘0,2615x  exp  (3.67  x  10-3T$)  (5) 


FSV  is  obtained  after  dividing  the  fragment  weight  m  by  the  molecular  weight  of 
the  monomer  M.  Thus, 

FSV  =  m/M  (6) 

The  heat  flux  at  the  surface  to  maintain  a  regression  rate  r  has  to  be 

qs  -  rpc  (Ts  -  T0)  +  Dpr/FSV  ♦  CaTs4  (7) 

The  solution  for  the  constant  k  has  been  worked  out  (reference  2)  by  singular 
perturbation  methods  with  matching  the  solutions  for  the  inner  (surface)  and 
outer  (deep  solid)  regions.  For  the  steady-state  system,  the  regression  rate  r  is 


(b)  Gas  Phase  Details. 

In  the  gas  phase,  the  flame  may  or  may  not  appear  depending  on  the 
condition  of  heat  flux,  oxygen  concentration  and  regression  rate.  In  the  case 
where  the  flame  does  not  appear,  the  only  heat  available  for  the  condensed 
phase  degradation  is  from  an  external  radiation  source.  In  the  case  where  the 
flame  is  present,  the  heat  from  the  combustion  zone  will  be  conducted  through 
the  gas  phase  to  the  condensed  phase. 

Considering  the  relatively  larger  time  needed  for  transport/mixing  of 
oxidizer  than  the  time  for  the  combustion  reaction,  the  flame  above  the 
pyrolyzing  material  is  taken  as  diffusion  controlled.  Following  the  familiar 
flame-sheet  approximation,  it  is  modeled  that  the  vapors  leaving  the  surface  do 
not  combust  until  the  gases  mix  well  with  the  oxidizer  to  reach  a  distance  X* 
(flame  standoff  distance)  from  the  surface,  and  they  combust  completely  in  a 
thin  zone  (flame  sheet  thickness  «  X*).  The  temperature  of  the  flame  sheet  is 

V 

The  energy  equation  for  the  region  between  the  flame  sheet  and  the 
surface  is  given  by 


The  continuity  equation  Is 


Pgas  Uga$  *  Pr  (from  condensed  phase)  (10) 

with  boundary  conditions 

T  *  T$  at  x  *  o,  T  *  Tjj  at  x  *  X*  (11) 


The  solution  to  equation  (9)  Is  # 

q  *  k  (JjL)  =  /gas  Ugas(VV  exp  (UgasX  ^gasj 

5  915  ^ 5  >  -  **p  '%sx*S«> 

where  «gas  Is  thermal  dlffuslvity  (k/Pc)  of  gas. 

(c)  Model  Predictions. 


(12) 


As  can  be  seen  from  the  solutions,  l.e.,  Equations  (8)  and  (12), 
there  are  several  Input  variables  needed  to  compute  the  regression  rate.  But 
most  of  them  are  already  known  or  approximated  with  reasonable  accuracy.  Thus 
the  most  characteristic  parameters  In  this  work  seem  to  be  the  Arrhenius 
constants,  B  and  E.  Values  of  these  constants  are  obtained  using  a  thermograv- 
imetric  analyzer  (TGA)  as  discussed  In  the  next  section. 


3.  SUPPORTING  EXPERIMENTS, 
(a)  Kinetics  Constants. 


Small  scale  laboratory  experiments  were  performed  to  deduce  a  number 
of  essential  Input  data.  The  first  one  was  thermogravlmetrlc  analysis  (TGA). 
The  experiment  is  to  heat  up  a  small  sample  suspended  inside  a  furnace  and 
record  the  weight  change  as  a  function  of  temperature.  The  kinetic  constants 
were  deduced  then  from  an  Arrhenius  plot,  a  plot  of  log  (-dw/wdt)  versus 
reciprocal  of  absolute  temperature.  The  equipment  used  In  this  work  was 
Perkln-Elmer's  TGS  System  4.  By  attaching  a  pair  of  flowmeters  for  nitrogen 
and  air  to  the  TGA  equipment  and  varying  their  flow  rates,  the  effect  of  oxygen 
concentration  could  be  studied.  The  whole  system  was  evacuated  with  a 
mechanical  pump  before  purging  to  ensure  a  homogeneous  atmosphere  surrounding 
the  sample. 


(1)  Wool  Carpet  (Supplied  by  the  FAA  to  JPL).  The  thermogravlmetrlc 
analysis  (TGA)  curves  Tor  carpet  woo)  are  shown  in  Figure  2.  The  effect  of  the 
presence  of  oxygen  Is  quite  readily  seen  by  comparing  the  three  curves  obtained 
under  nitrogen,  air  and  a  mixture  of  1  percent  oxygen  and  99  percent  nitrogen. 
Some  Interesting  facts  can  be  observed  from  this  figure.  The  first  one  Is 
that.  In  pure  nitrogen,  approximately  20  percent  of  the  original  mass  reamlns 
as  char  at  and  above  650#C.  In  air,  on  the  other  hand,  there  Is  no  residue 
remaining  by  the  time  the  temperature  reaches  700*C.  The  presence  of  oxygen 
from  air,  however,  does  not  mean  the  enhanced  reaction  rates  for  the  entire 
temperature  range.  Rather  It  seems  to  contribute  to  preserving  the  oxidizing 
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FIGURE  2.  THERHOGRAVIHETRIC  ANALYSIS  OF  CARPET  FIBERS 


mass  temporarily.  In  this  case  in  the  temperature  range  from  360°C  to  575°C. 
When  the  oxygen  concentration  is  reduced  to  1  percent,  the  result  is  the  combi¬ 
nation  of  two  characteristics,  i.e.,  the  carpet  behaves  like  that  in  pure 
nitrogen  up  to  670°C,  then  burns  up  almost  completely  before  it  reaches  900°C. 

This  can  be  elucidated  further  by  using  the  Arrhenius  plot  as  shown 
in  Figure  3.  In  pure  nitrogen,  the  degradation  reaction  takes  place  in  two 
distinct  steps;  it  increases  first  and  then  decreases  as  the  temperature  goes 
higher.  For  the  first  step,  the  conventional  Arrhenius  expression  is 

r  =  7.2  x  exp  (-9.270/RT)  T<641K  (13) 


For  the  second  step,  it  is 

r  =  3.84  x  10-8  x  exp  (15,000/RT)  T>641K  (14) 


The  reaction  of  the  second  step  might  be  described  as  the  one  with  the  negative 
activation  energy.  But  further  TGA  tests  under  isothermal  conditions  show  that 
there  are  no  chain  reactions  in  these  high  temperature  ranges  whose  termination 
rates  may  increase  preferentially  with  temperature  to  justify  the  negative 
activation  energy  hypothesis.  Rather  it  was  found  that  the  wool  fibers  fuse 
and  coalesce  resulting  in  the  decrease  of  surface  area,  thus  increasing  the 
diffusion  and  thermal  resistances.  The  SEM  (Scanning  Electron  Microscope) 
pictures  of  Figure  4  verify  the  existence  of  molten  state. 

In  air,  however,  the  degradation  reaction  takes  place  in  three  steps. 
In  the  low  temperature  region,  the  reaction  rate  is  the  same  as  that  in  pure 
nitrogen.  In  the  medium  temperature  region,  the  reaction  rate  decreases  with 
temperature  as  in  nitrogen,  but  the  rate  itself  is  much  lower  than  in  nitrogen. 
In  the  high  temperature  region,  the  reaction  rate  increases  again  with  tempera¬ 
ture.  These  observations  can  be  explained  in  the  following  way.  The  degrada¬ 
tion  in  the  low  temperature  region  is  pyrolysis  which  is  not  affected  by  the 
presence  of  oxygen.  The  lower  reaction  rates  in  the  medium  temperature  range 
seems  to  be  due  to  the  crosslinking  caused  by  oxygen  diffusing  through  the 
molten  phase.  The  high  temperature  reaction  rate  can  be  simply  termed  as  the 
char  oxidation,  expressed  by 

r  *  3,300  x  exp  (-22,000/RT)  T>748K  (15) 

(2)  Seat  Cushion  (Polyurethane  Foam).  Similar  tests  were  performed 
for  seat  cushion?!  The  TGA  curves  are  shown  ™  Figure  5  and  the  Arrhenius  plots 
in  Figure  6.  As  observed  in  the  case  of  wool,  the  first  phase  of  degradation 
of  foam  in  low  temperature  is  the  same  in  air  or  in  pure  nitrogen.  The  differ¬ 
ence  in  reaction  rates  appears  In  the  next  phase.  In  the  absence  of  oxygen, 
the  degraded  foam  goes  through  a  melt  transition  and  becomes  liquid  tar  followed 
by  very  active  boiling-like  decomposition  (reference  6).  In  the  presence  of 
oxygen,  it  was  observed  (reference  7)  that  the  black  cellular  char  is  formed 
and  undergoes  further  oxidation.  But  the  residue  of  our  specimen  looked  more 
like  tar  rather  than  char.  This  explains  why  there  is  no  Intermediate  transi¬ 
tion  observed  for  the  foam:  the  condensed  phase  material  at  the  surface  is  a 
thin  layer  of  liquid  tar  which  does  not  go  through  a  charring  process.  (The  SEM 


FIGURE  5.  TGA  ANALYSIS  OF  SEAT  CUSHION  (POLYURETHANE  FOAM). 


show  that  the  melting  of  wool  fibers  does  not  lead  to  the  total  agglomeration 
in  any  case.) 


From  the  above  TGA  experiments,  the  reaction  rates  of  the  first 
phase  both  in  air  and  in  pure  nitrogen  can  be  written  as 

r  =  95,000  x  exp  (-19,400/RT)  T<548K  (16) 

In  pure  nitrogen,  the  reaction  rate  after  phase  change  can  be  described  as 

r  =  1.9x1018  x  exp  (-60,600/RT)  T>623K  (17) 

In  air,  it  can  be 

r  =  3.4  x  107  x  exp  (-26,500/RT)  T>573K  (18) 


These  results  are  summarized  in  Table  1. 

(b)  Other  Data. 

The  current  thermochemical  model  uses  rather  a  small  number  of  input 
variables,  which  are  thought  essential  properties  of  material.  Other  than  the 
kinetic  parameters  directly  deduced  from  the  TGA  experiments,  all  the  proper* 
ties  used  in  the  model  are  obtained  from  the  literature.  These  are  shown  in 
Table  2. 


4.  SPECIFIC  TASKS  IK  THE  INTERAGENCY  AGREEMENT. 

There  were  six  tasks  to  be  performed  by  JPL.  specified  in  the  Interagency 
Agreement  between  FAA  and  NASA.  In  this  section,  the  results  predicted  by  the 
thermochemical  model  is  discussed  per  each  of  the  six  tasks.  The  first  two 
tasks,  however,  are  discussed  under  the  same  head.  The  computer  programs  for 
calculation  of  the  burning  rate,  heat  fluxes  required  and  provided  by  the 
flame,  and  Spalding  B  number  with  variable  flame  standoff  distance  and  ambient 
pressure  are  shown  in  Appendix  A  for  the  seat  cushion  and  Appendix  B  for  the 
carpet. 

(a)  Burning  Rates  Under  Flaming  and  Non-flaming  Conditions. 

The  first  task  is  to  predict  the  burning  rates  under  the  non-flaming 
condition,  with  incident  radiant  heat  flux  varying  between  1  and  14 
Btu/ft  .sec.  The  reradiation  from  the  surface  is  included  in  the  calculation 
as  a  source  of  energy  loss.  The  char  layer  of  the  material  is  assumed  to  be  a 
diffuse-gray  body  having  the  emittance  of  0.9. 

(1)  Carpet.  Figure  7  shows  the  surface  regression  rates  of  wool 
carpet  under  steady-state  non-flaming  condition.  The  rate  changes  in  three 
distinct  segments  as  the  incident  radiant  heat  flux  increases4.  The  reason  for 
this  distinctiveness  is,  of  course,  the  change  of  the  activation  energy  and  the 
pre-exponential  factor  as  discussed  In  the  previous  section.  It  shows  that  the 
Increasing  heat  flux  does  not  result  in  a  monotonic  increase  of  the  burning 
rate,  but  in  a  sequence  of  increase-decrease-increase  modes.  The  higher 


TABLE  2.  BASIC  DATA  USED  IN  THE  CALCULATIONS 
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M  (monomer  Molecular  Weight) 

138. 4C  . 

76d 

D  (cal/g) 

Th  (K) 

Carpet:  1400 

Cushion: 1400 

To  (k) 

e 

L  (cm) 

0.8 

10.2 

a.  Thermal  conductivity  of  carpet  char  Is  taken  as  2xl0-5  cal/cm  #C  Sec 

b.  Calculated  according  to  Sutherland's  law 

c.  Weight-averaged  molecular  weight  of  17  different  amino  acids  extracted 
from  wool.  Ref.  8. 

d.  For  lack  of  the  information  on  the  specific  chemical  formulation,  the 
base  monomer  Is  assumed  to  be 
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FIGURE  7.  THE  PREDICTED  BURNING  RATE  OF  CARPET  KITH  INCIDENT  HEAT  FLUX 


reradiation  at  the  high  heat  flux  region  (due  to  the  high  surface  temperature) 
reduces  the  burning  rate  compared  to  the  rate  in  the  low  heat  flux  region. 

The  highest  temperature  region  of  Figure  7  Is  studied  for  the 
burning  rates  with  self-sustaining  flame.  The  calculation  procedure  for  the 
burning  rate  when  surface  temperature  is  higher  than  charring  temperature  is 
different  from  that  described  earlier.  The  formation  of  a  char  layer  causes  a 
substantial  reduction  of  thermal  conductivity  and  hence  reduces  heat  flux 
through  this  layer.  The  temperature  profile  will  be  discontinuous  at  the 
charring  temperature,  Tc  (816K  for  carpet  when  the  atmosphere  is  a  mixture  of 
1  percent  oxygen  and  99  percent  nitrogen),  and  a  matching  condition  at  this 
point  c  becomes 
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(19) 

(20) 


Mass  continuity  requires  that  the  burning  rate  at  the  char  free  surface  be 
equal  to  the  burning  rate  at  the  point  c  under  steady-state  condition,  that  is 


r  at  T$  =  r  at  Tc 

where 


(21) 


and 


for  X  and  details  of  derivation  for  Eq.  (23),  the  readers  are  referred  to 
Reference  9.  (Note:  Eq.  (23)  is  not  reduced  from  Eq.  (8).  These  are  solu¬ 
tions  to  two  different  problems.) 

Thus  the  burning  rate  of  wool  carpet  with  a  char  layer  on  it  is 
determined.  Then  the  heat  flux  required  to  maintain  this  regression  rate  can 
be  determined  by  use  of  Eq.  (7),  while  the  heat  flux  reaching  the  surface  from 
the  flame  zone  can  be  obtained  by  use  of  Eqs.  (10)  and  (12).  These  two  kinds 
of  heat  fluxes  are  plotted  as  functions  of  regression  rate  In  Figure  8. 

Figure  8  shows  that  there  exists  a  special  condition  under  which  the 
carpet  is  able  to  sustain  Its  own  burning.  For  steady-state  combustion,  the 
heat  flux  required  to  produce  fuel  vapor  at  the  surface  must  be  exactly  equal 
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FIGURE  8.  THE  PREDICTED  BURNING  RATE  OF  CARPET. 
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to  the  heat  flux  froin  the  flame  generated  by  combustion  of  the  fuel  vapor.  The 
crosspoint  of  two  curves  satisfies  this  condition.  So,  once  this  point  is 
reached,  the  steady-state  burning  under  self-sustaining  flame  commences.  For 
higher  burning  rates,  however,  externally  augmented  heat  flux  is  needed. 

Regarding  the  actual  observations  of  wool  carpet  burning,  there  are 
two  points  to  be  discussed  here.  The  first  is  that  the  wool  carpet  does  not 
get  inflamed  when  a  match  or  even  a  propane  torch  is  used  as  an  ignition 
source.  The  problem  with  the  match  fire  is  that  it  does  not  provide  enough 
heat  flux  to  raise  the  surface  temperature  for  self-ignition.  In  the  case  of 
propane  torch,  the  torch  flame  covers  the  surface  preventing  oxygen  in  air  from 
mixing  with  the  fuel  vapor.  The  self-sustaining  flame  was  actually  observed, 
however,  as  shown  in  Figure  9  when  the  carpet  was  heated  with  the  sunlight 
concentrated  by  a  Fresnel  lens  (other  radiation  concentration  devices  may  also 
be  employed).  This  method  has  the  advantage  of  providing  high  heat  flux  with¬ 
out  hindering  oxygen  diffusion.  But  the  flame  disappears,  i.e.,  extinguishes, 
when  the  incident  radiation  beam  is  blocked  or  moved  away.  In  other  words,  the 
augmenting  heat  flux  is  necessary  for  the  wool  carpet  to  burn  under  a\flame. 
This  may  seem  contradictory  to  the  above  description  about  the  self-sustaining 
flame  at  the  crosspoint  of  two  curves  in  Figure  8.  The  reason  is  the  high 
ignition  temperature  of  wool  (reported  data:  600°C  from  reference  10),  at 
which  additional  0.6  Btu/ft2  sec  is  required  from  the  external  radiation  heat 
source.  Another  reason  for  the  difficulty  and  hence  the  sensitivity  associated 
with  the  existence  of  flame  of  wool  is  due  to  the  high  LOI  (limiting  oxygen 
index),  of  which  the  reported  value  is  0.252  (reference  11).  The  LOI  is 
believed  to  decrease  with  increasing  temperature,  so  that  the  flame  from  wool 
could  be  finally  observed  in  air  at  elevated  temperatures,  where  the  oxygen 
index  is  0.21.  Such  decrease  of  LOI  with  temperature  was  observed  for  other 
polymers  (reference  12)  like  polytetrafluoro  ethylene,  polyvinyl  chloride, 
polymethyl  methacrylate,  etc. 

(2)  Seat  Cushion.  The  procedure  used  for  the  carpet  is  applied  to 
the  seat  cushion  material  as  well.  The  underlying  Arrhenius  type  reaction 
rates  used  in  the  calculation  are  those  obtained  in  air,  assuming  that  diffu¬ 
sion  of  oxygen  takes  place  as  in  air  through  the  open  cell  structure  of  the 
foam  material . 


Figure  10  shows  the  burning  rates  of  seat  cushions  under  flaming 
conditions.  As  in  the  case  of  the  carpet.  Figure  10  shows  that  there  exists  a 
condition  under  which  the  seat  cushion  is  able  to  sustain  its  own  burning.  The 
condition  is  satisfied  at  the  crosspoint  of  two  curves. 

(b)  Effects  of  Chemical  Fire  Retarding  Agents  on  Burning  Rate 

The  burning  of  most  polymeric  materials  proceeds  in  steps.  The  first 
step  is  the  endothermic  pyrolysis  reaction  taking  place  mostly  in  condensed 
phase,  and  the  second  step  is  the  exothermic  reaction  in  gas  phase.  A  part  of 
the  heat  liberated  in  the  second  step  is  transferred  to  the  polymer  surface  for 
further  cyclic  processes. 

Chemical  fire  retardants  are  those  which  operate  in  the  condensed 
phase  or  in  the  gas  phase  to  inhibit  any  of  the  above  reaction  steps.  The 
effect  of  the  fire  retardant  is  manifested  via  physical  actions,  such  as 
coating  on  the  surface,  evolution  of  non-combustible  gases,  and  absorption  of 
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FIGURE  9.  THE  CARPET  UNDER  SELF-SUSTAINING  FLAME  WITH  THE 
SUNLIGHT  CONCENTRATION  BY  A  FRESNEL  LENS 
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FIGURE  10.  THE  PREDICTED  BURNING  RATE  OF  SEAT  CUSHION. 


heat,  or  chemical  actions,  such  as  the  modification  of  decomposition  reactions, 
reducing  the  production  of  combustible  gases,  and  increasing  char  formation. 

Regarding  the  thermochemical  model  used  in  this  work,  the  effect  of 
the  chemical  fire  retardant  can  be  treated  in  two  ways.  If  it  operates  in  the 
condensed  phase,  the  kinetic  constants  of  pyrolysis  (B  and/or  E  in  Arrhenius 
expression)  will  be  affected.  If  it  is  operating  in  the  gas  phase,  one  or  more 
parameters,  such  as  flame  temperature,  gas  velocity,  flame  standoff  distance, 
and  physical  properties  of  the  gas,  will  be  changed. 

In  order  to  determine  In  which  phase  the  fire  retardant  Is  effective, 
the  aircraft  carpet  wool  fibers  and  untreated  wool  fibers  were  tested  with  TGA 
under  N2  at  the  heating  rate  of  150°C/min.  The  resulting  TGA  curves  show 
that  there  Is  virtually  no  difference  between  the  flame  retardant  treated  and 
the  untreated  wool  fibers.  In  other  words,  the  flame  retardant  does  not  affect 
the  condensed  phase  decomposition  reaction.  With  this  particular  flame 
retardant  (of  which  the  chemical  composition  Is  not  known  to  us)  applied  to  the 
aircraft  carpet  wool,  it  is  reasoned  that  the  flame  retardancy  takes  place  in 
the  gas  phase. 

In  the  case  of  the  seat  cushion  material,  this  type  of  TGA  experiment 
to  single  out  the  effect  of  the  flame  retardant  is  not  feasible,  because  of  the 
difficulty  in  obtaining  exactly  the  same  material  in  a  pair,  l.e.,  one  treated 
with  a  flame  retardant  and  the  other  untreated. 

Without  having  detailed  information  on  the  flame  retardants  actually 
used  and  their  physical/chemical  effect  on  gas  phase  reactions,  the  current 
model  assumes  a  modified  value  (Increased  by  20  percent)  of  flame  standoff 
distance  as  a  surmised  effect  of  the  flame  retardant.  The  flame  temperature  Is 
another  parameter  that  can  be  modified  (lowered),  but  this  change  Is  equivalent 
to  the  change  of  the  flame  standoff  distance  for  the  present  purpose. 

The  predicted  results  are  shown  In  Figure  11  for  the  carpet  and 
Figure  12  for  the  seat  cushion.  These  are  similar  to  the  curves  seen  In 
Figures  8  and  10  except  that  the  heat  fluxes  supplied  from  the  flame  are 
lowered  because  of  the  Increased  flame  standoff  distance.  Hence  for  the  case 
of  wool  carpet,  the  heat  required  from  an  external  radiation  source  to  start 
burning  under  flame  Is  larger,  making  the  Ignition  more  difficult.  This  Is  the 
situation  predicted  using  the  same  Ignition  temperature  as  that  of  untreated 
wool  fibers.  If  the  Ignition  temperature  Is  Increased  due  to  the  flame 
retardants,  then  the  augmenting  heat  flux  will  be  even  larger.  For  the  case  of 
the  seat  cushion  material,  the  same  reasoning  as  for  the  wool  carpet  will  hold. 
The  Ignition  temperature  of  the  urethane  foam  Is  not  available  In  literature, 
and  Is  not  pursued  In  this  work. 

(c)  Integration  of  the  nomenclature:  "Thermal  Thickness"  and  "Thermal 

thinness*. 


The  thermochemical  model  used  In  this  work  has  been  developed  for  and 
hence  Is  applicable  to  a  thermally  thick  material.  The  term  "thermally  thick" 
or  "thermally  thin"  Is  used  In  comparison  with  the  physical  thickness  L.  So, 
when  the  physical  thickness  L  Is  larger  than  the  thermal  thickness  6,  It  Is 
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FIGURE  12.  THE  PREDICTED  EFFECT  OF  FLAME-RETARDANT  ON  THE  BURNING  OF 
SEAT  CUSHION. 
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called  thermally  thick",  otherwise  thermally  thin",  l.e., 

6  «  L  thermally  thick 
8  »  L  thermally  thin 

The  8  can  be  deduced  (reference  2)  from  the  outer  region  (cold  side) 
temperature  profile  of  a  slab  whose  other  side  Is  heated.  That  Is, 

.  exp  (-xr/a)  (24) 

^"'o 

where  a  Is  the  thermal  dlffuslvlty. 

Then  x  •  -  in  £1$-)  (25) 

r  YTo 

The  thermal  thickness  8  Is  defined  as  the  depth  from  the  surface  where  the 
dimensionless  temperature  (T-T0)/(TS-T0)  Is  equal  to  1/e. 

or  6  ■  -t  *  jxr 

In  the  calculation  of  6  for  the  carpet,  the  data  of  the  thermal  conductivity, 
density,  and  heat  capacity  used  are  for  the  carpet  char  layer  because  this  is 
where  most  of  the  temperature  drop  occurs  and  hence  thermal  resistance  is 
provided.  For  seat  cushion,  the  calculation  Is  straight  forward. 

With  the  physical  properties  listed  In  Table  I,  It  can  be  seen  that 

6  <  L  for  carpet 
5  «  L  for  seat  cushion 

In  other  words,  both  materials  can  be  regarded  as  thermally  thick.  If  the 
physical  thickness  (L)  Is  reduced  and  becomes  smaller  than  thermal  thickness 
(6)»  the  material  Is  considered  thermally  thin.  For  a  thermally  thin  material 
the  burning  rate  can  be  calculated  directly  from  the  Arrhenius  rate  equation, 

r  «  L  B  exp  (-E/RTS)  (27) 

It  should  be  appropriate  to  note  here  that  the  thermal  thickness  (8) 
of  the  carpet  changes  with  the  progress  of  thermal  degradation,  due  to  the 
change  of  k  and  r.  Before  the  char  layer  Is  formed  at  the  surface,  the  same 
calculation  shows  that  the  entire  carpet  Is  thermally  thin.  But  after  the 
charring,  largely  due  to  the  change  In  k,  the  carpet  has  become  a  thermally 
thick  material.  A  detailed  study  of  this  effect  can  be  found  In  Reference  9. 


This  task  Is  to  study  the  effect  of  convective  flow  over  the  burning 
surface  on  the  burning  rate  of  the  condensed  phase.  The  geometry  under 
consideration  Is  depicted  In  Figure  13.  At  a  distance  away  from  the  leading 
edge  of  burning  surface,  the  heat  flux  to  the  condensed  phase  Is 
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FIGURE  13.  THE  SCHEMATIC  DIAGRAM  FOR  THE  CONDENSED  PHASE  BURNING  WITH 
CONVECTIVE  FLOW. 


where  CH  is  the  Stanton  number,  and  (PU)oois  the  mass  flow  rate  at  the  outer 
edge  of  the  boundary  layer  at  that  location.  The  mass  transfer  number  B,  (or 
Spalding  B  number)  is  defined  by 


(PU^Ch 

where  (PU)S  is  the  mass  burning  rate  at  the  surface.  Since  CH  Is  the  reduced 
heat  transfer  coefficient  due  to  the  burning  mass  Injection,  frequently  It  is 
assumed  that  Reynolds  analogy  holds  and  hence. 


where  Cf  is  the  skin  friction  coefficient  and  CH  and  C*  are,  respectively, 
Stanton  number  and  friction  factor  without  massinjection  to  the  flow. 

Further  analysis  (reference  13)  shows  that  the  ratio  of  Stanton 
numbers  can  be  approximated  as 


In  (1+B) 


for  B<5 


«  1.2  B 


-0.77 


for  5<B<95 


CH0  ■  ~  -  0.12  Re*0*2 
2 
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where  Re  is  the  Reynolds  number  based  on  the  distance  from  the  leading  edge  of 
burning  surface.  The  Spalding  B  number  is  calculated  after  rearranging  Eqs. 
(29)  and  (31)  or  (32)  to  give 


B  =  exp  | — - (  .  1.0  for  B  <  5 

\  (PU)ooCH0  ) 

(  (PU)S  )  1/0.23 
B  =  J )  for  5  <  B  <  95 

I  (pu)00tHo  f 


(34) 

(35) 


The  Spalding  B  number  calculated  for  carpet  ranges  from  0.17  to  0.18 
at  surface  temperatures  of  830  to  850K,  at  2  feet  downstream  from  the  leading 
edge  of  the  burning  surface,  and  at  3.0  mile/hr  blowing  velocity  of  free 
stream.  The  value  of  B  number  is  comparable  to  that  of  carbon  (reference  14), 
i.e.,  0.12,  but  easier  to  burn  than  the  carbon.  However,  In  order  to  make  the 
carpet  actually  burn,  more  additional  heat  flux  is  needed  from  an  outside  source. 
In  other  words,  the  effect  of  the  flow  is  such  that  there  will  be  no  burning  with 
self-sustaining  flame  but  only  smoldering. 

Under  the  same  condition,  the  Spalding  B  number  for  seat  cushion  is 
1.13  at  the  surface  temperature  of  650K,  where  the  burning  can  proceed  with  the 
self-sustaining  flame.  The  relatively  high  value  of  B  compared  to  that  of  car¬ 
pet  is  because  of  the  high  reactivity  of  seat  cushion  as  shown  from  the  TGA 
experiments  (see  Table  1). 

(e)  Effect  of  Pressure  on  Burning  Rates. 

The  effect  of  changing  pressures  were  studied  since  the  pressure 
affects  the  ignition/combustion  process  in  several  ways.  The  most  obvious  is 
the  effect  on  vapor  density  {P-  PM/RT)  and  the  vapor  phase  chemical  kinetic 
rates  that  are  frequently  approximated  by  Pn  where  n  Is  the  "index"  of  reac¬ 
tion  rates. 


In  our  particular  thermochemical  model  the  pressure  affects  two 
important  characteristics.  Firstly,  under  the  basic  hypothesis  of  heteroge¬ 
neous  condensed  phase  reactions  by  an  autocatalytlc  species  (probably  the  cure 
catalyst),  the  condensed  phase  pre-exponential  factor  B  is  directly  proportion¬ 
al  to  the  mean  pressure.  That  is,  B  takes  the  form  of  BxP,  where  P  is  in 
atmospheres.  Secondly,  under  the  novel  vapor  pressure  equilibrium  criterion 
used  here,  pressure  affects  the  mean  molecular  weight  of  the  vaporizing 
species,  namely  the  pyrolysis  products.  So,  FSV  is  modified  by  a  factor  of 
p-0.261 5 t  as  shown  in  Equation  (5).  These  separate  effects  are  believed  here 
to  be  very  essential  for  a  complete  understanding  of  the  pressure  effects.  It 
is  also  thought  that  highly  simplified  approaches  may  ignore  the  main  point  of 
the  negative  effect  of  pressure  that  has  sometimes  been  observed  in  fire 
phenomena. 
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The  results  show  that  the  pressure  increase  does  increase  the  burning 
rate  in  a  monotonic  way,  as  shown  in  Figure  14  for  carpet  and  Figure  15  for 
seat  cushion.  The  burning  rates  of  these  curves  are  those  obtained  wider  the 
steady-state  self-sustaining  flames.  So,  additional  incident  heat  flux  will 
increase  the  burning  rates  accordingly.  As  shown  in  these  figures,  the  pres¬ 
sure  dependence  is  far  weaker  than  a  direct  (linear)  dependence.  The  curves 
here  do  indicate  the  basic  thoughts  behind  pressure  scaling  (modeling)  of  fires 
In  experimental  facilities. 


5.  CONCLUSIONS. 

The  present  work  on  the  prediction  of  thermochemical  performance  of  carpet 
and  seat  cushion  leads  to  the  following  conclusions. 


1.  The  assumption  of  condensed-phase  degradation  as  the  rate-limiting 
step  in  the  model  leads  to  theoretical  results  which  match 
qualitatively  with  experimental  observations. 

2.  The  application  of  vapor  pressure  equilibrium  criteria  appears  to  be 
a  valid  procedure  in  removing  the  arbitrariness  in  the  description  of 
the  vaporization  step  at  the  surface. 

3.  Although  it  was  satisfactory  in  the  present  work,  a  further  under¬ 
standing  of  the  flame  standoff  distance  and  heat  flux  therefrom  seems 
necessary,  especially  for  the  slow  burning  materials  like  the 
carpet. 

4.  As  an  overall  summary,  the  specific  objective  of  predicting  the 
burning  rates  as  a  function  of  the  material  properties  was 
accomplished  with  qualitative  agreement  with  experiments. 

Up  to  this  point,  the  theoretical  results  have  not  been  tested  with 
quantitative  experimental  measurements.  In  order  to  appreciate  the  validity  of 
the  model,  actual  burning  rate  measurement  is  necessary  after  re-evaluating  the 
fundamental  physical  and  thermal  properties  of  the  material  used  in  the 
calculation.  In  fact,  some  of  the  property  values  were  taken  from  the 
literature  and  may  not  be  correct  for  the  specific  material  in  consideration. 


6.  FUTURE  WORK. 

The  extension  of  the  present  work  is  planned  for  a  more  practical  case  of 
multi-layered  polymeric  materials,  namely  a  system  consisting  of  polyurethane 
foam  (cushion)  -  neoprene  sheet  (blocking  layer)  -  nylon/wool  fabric  (cover). 
Also  planned  is  the  experimental  measurement  of  thermochemical  performance  of 
the  system  using  a  modified  NBS  Smoke  Chamber.  A  Mellen  furnace  is  to  provide 
radiant  heat  flux  varying  from  2  to  10  Btu/ftz  sec  and  the  resultant  weight 
loss  of  and  temperature  profile  In  the  material  will  be  measured.  The  kinetic 
constants  of  the  Individual  material  deduced  from  T6A  experiments  along  with 
other  thermal  data  will  be  integrated  Into  the  model  and  its  prediction 
compared  with  the  observed  results.  This  work  is  scheduled  to  commence  shortly 
under  the  sponsorship  of  the  FAA. 
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FIGURE  14.  THE  PRESSURE  DEPENDENCE  OF  BURNING  RATE  OF  CARPET. 
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MATERIAL:  POLYURETHANE  FOAM 


FIGURE  15.  THE  PRESSURE  DEPENDENCE  OF  BURNING  RATE  OF  SEAT  CUSHION 
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APPENDIX  A 


COMPUTER  PROGRAM  FOR  CALCULATIONS  FOR  SEAT  CUSHION 


computer  program  for  calculation  of  the  burning  rate,  heat  fluxes  required  and 
provided  by  the  flame,  and  Spalding  B  number  with  variable  flame  stand-off 
distances  and  ambient  pressure  for  seat  cushion. 
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APPENDIX  B 


COMPURER  PROGRAM  FOR  CALCULATIONS  FOR  CARPET 


Computer  program  tor  calculation  of  the  burning  rate,  heat  fluxes  required  and 
provided  by  the  flame,  and  Spalding  B  number  with  variable  flame  stand-off 
distances  and  ambient  pressure  for  carpet. 
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dhf>  FORMAT  (3E  10, S) 

*»!Tf  (h»9l0)  P,  *«ATI0,  TH 

rjo  format  »tme»mocme«ical  perfdphace  OF  AIRCRAFT  • 

-  •  C  A  RFF  T  '  /,  lb*,  'PRESSURE  «  F6,l,  •  ATM',/, 

-  1S*,'*STaR  REOUCEO  pv  '  ,F 6 , 1 »  '  d,C  BEANS  PLAH£  RETARDED,  * 

•  »MTMERdist  untreated) '#/ 

-  IS*.  'FLA^E  TErPfcKATlWC  a  H.l,  »<»,  // 

-  7«,  ’TS',  9*,  ' F  SC  * ,  10»,  'RH',  Ilk,  »RL»,  9X,  »U*REO»,  7*, 
rn  'rj-JfbTAH',  5X#  '0»FLnH',  AX,  *  SPALDING  P«/ 


c 


-  7t,  *  (a  )  ' ,  25* ,  '(CH/SEC)',  1ft*.  •(  STD  /  FT?  ,  SEC  )»,//) 
R*  1  ,  9P7 1 7 
B*  «  ft?, Oh 
P''BO,?? 

CPe  n,3 
CPOAS  «  C.J 
0*  300,0 
OCPHR  *  <*900 , 

RTHsO,r»tni 

This  value  OP  The  CmaR  CONDUCTIVITY  is  a  GUESS  Only  AT  this  time 
rtl«o,ocoo? 

EPSLO*  *  0.7 
SK,ma  *  l,355t*12 
Tn*3P0. 

TC  *  ftlfte 

on  97  I«»?0,9bO,10 
T Ss  FLOaT(I) 

PSV«  3?,P*EKP(0,003<»7*TS) 

FSV  c  F  S V  A  (FA».C,?615) 

p Sv«f  Sv/i 3P ,ag 

IF  (TS.Ot  ,Plh.)  GO  TO  b5? 

IP  (tS,Lk,Plft,,AM0,T3,GE,ftai,)  GO  TO  65ft 
B  s  ▼  ,  2 1 
E  •  9<eftbe 
GO  TO  ftbb 
65?  Ct'NTJNUF 
6  «  1 77  , ft 
t  «  21100, 

GO  TO  655 
N5A  CONVTMJl 

B  ■  S,Ptii*P 
l  •  *15000, 

655  CONTINUE 


8  ■  B*P 

00  95  N«i»20O0 
PSCaPSV*  O.lAFLOAT(N) 


Reproduced  from 
bett  available  copy. 
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IF  (FbC.iO.I.o)  60  TO  85 
•  s  ((»TH/tOMCP))»B*t*P(«E/CRm>>> 

U  a  (f /(R*TC))*(tTOTO)/TC> 

Ya((|,O#(D/(CP*(TCMTn))))aAL0G(FSC/(FSC»l,0))> 

0  a  t/(CP*(TC-TO)  *F  SC) 

5  a  fn/(U*(V.u))) 

IF  (S.Lt.0,0)  GO  TO  8% 

PM  a  (S)**0,N 

vm  B  D/((P*(TS-Ttl)) 

VT At* t a  a  £/(R»T5) 

vh S I  «  (TS*Y(j)/TS 

vzf.yaS*  «*vh/f$v 

V/£T|C«  •VH/FbC 

VT  A  t«s  (tC-T0)/(T8-T0) 

v«4FTaC»vTh|Ta*vk8I»(i  ,u*vTa*) 

MFC  a  Vm  ♦  V Zl T  AC 
M£$  8  Vh  ♦  V/t  T  AS 
IF  (Ml C ,EU  ,0,0)  GO  TO  85 
IF  <NES,fcu,0,0)  GO  TO  85 
ENC  «  E*P(mV.«eTaC) 

VK  a  (MvZFTAC«(l«VH)»AL0G(MtC)*M*VM)a(NC»Al0GfHF6)TVZITASatNC) 

$  /(l.C-kNC) 

VLA^iOA  a  (V/f TaS*(VH*aLOG(vZ£TaSaVM) J).(alOG(VH#VIETa8))*VK 
TTa(f (PTL/ON/CP)PB*MIP(-VTM£TA))/(VLAH0AAVTH£TAaVR»I)) 

IF  (tT.lE.0,0)  60  TO  85 
*1  a  (tU*»p,5 

Flu«s(Dk»»l*(  (Cf»*(T8*TUJ)T(0/FSV)))TfEP5LDNa8I6MAaCT8aatt,)  J 

Mf»r  MF  LUNVffcT  FHL1M  CALORICS  P|»  SQUARE  CENTIMETERS  TO  HIM  P£«  SO, FT 

FL"**F  L0**J,N8G 

U  (FtAMt  UMP.)  18  IN  KELVJN, 

PhOG A  880*001?* (TO/Tb) 

RmpgaS  a  kHOr.AS  *  P 
TMCONDan, 0001 f SORT (TB /800# ) 

Thermal  CONDUCT JVi tv  OF  The  CAS  18  CALCULATED  H(»(  an**  SUTHERLANDS  Lam 
THOIFF«tMCONO/(KMOGASfCPGA8) 

UGASafON/WMOGASJaWL 

The  FLAM!  STANDOFF  DISTANCE  IS  COMPUTED  BASED  OF.  Th£  EXPERIMENTS  OF  JAI* 
me  found  in  SIMPLE  burning  OF  A  PIECE  OF  CARPRT  THAT  The  flame  standoff 
DISTANCE  has  NEARLT  THREE  (1)  MILLIMETERS  "AUNi/M  AFD  T*0  (?)  ON  AVERAGE 
Thf  MEASURED  AVERAGE  VALUE  OF  |  MM  IS  AT  A  VERT  L0»  FLO*  VF.LOCITv 
KSTARPUC.AS/J, 

X9TAR  •  XSTARf  XRATIO 

H£RF  Ml  CALCULATE  THE  M(AT  FLUX  TO  THE  SURFACE  FROM  THE  FLAFf  ZONE  U»*LV 

PLMF(.Xa»(RHpr.ASaUGAS)«CPr.ASa(TS*TS)/ri,»FXP(UGASPXSTAR/THD!FF)) 

MERF  ME  CONVERT  FLMFL*  TO  STU  PR  80, FT, SEC  FRDm  CAL, PER. SO. C*. SEC. 

FLMFLX8fLMFLX*J,S8S 

ME  CALCULATE  SPALDING  NumbE*  B 

RHOll  •  P/(RH»TB)«2S,B* 

OOP  a  I5«V0S 
X  a  Sl.OS 


VJ*Cnl»  *  (I  .76«/llOp.)*(tb*M>0,)  ♦  2,02ft 
VISC06  *  V1SC05  *  U,»«2  *  0.00001 
b  KHUU  •  OOO 

WfetK'pt  s  HMjjuOO  *  X  /  VISCUS 
CHI)  B  0.12  *  WiYHOU**-^,? 

SP»LOb  b  (U)N»»k)/(j#2*«H0U0O*ChP))b*(|,/0,2?) 

If  (SPAlOb.U.b.O)  GO  ’0  71 
CMCMI.)  s  1,2  »  (SPAlO*M»0,77) 

Gn  TM  7? 

71  CUattMJf 

SPIL**  *  fc  Xf  (pNBkM/C&MniiftOBCMU) )  *  1,0 
rnfHn  s  *log c i .o^sfAto^J  /  spalob 
7 ?  CnNTVKVk 

CP  B  CHt^O  *  CHO 

QSiir  s  cp&X3*Hh(iu00*(7R»TS)bCh 

*1AT  biif'PuUD  IS  COMVEHTED  TG  Btli/f 72.SE C  F*»t"  C*l/CH?,Sf.C 
•  OSi'P  *  USi'P  •  J.bftb 

fe*»  PWJTF  (b»90)  TS,FSC,»H,BL,FLUX,f LHF^I.GSl'P.SPALDB 
90  f  09*'  A  T  (FiQ.i.lk,  F9.3»?(3K,f  1 0,5) , « C S* ,f 9. *> ) 

If  fHP.bt.HL)  GO  TO  97 
95  COHTTM-'t 
97  C()nT1\U! 

Gil  Tn  10 
99  STOP 

If'iP 


T-i.-w-t-iMi  °>  *I«C»»T  aunt 

P" i E  9  [  d  AT^ 

ru**t  «  1f2oo!o?  *****  n**e  *it**mo,  okuttrto) 

c  tL  Q"lot  BTU  iee^°* 


620.0 

•  30,0 

HO.C 

•  «o.o 
*«0.0 
**0.0 
*«0.0 
"*0.0 
*50.0 
650.0 
eso.o 
650,0 

•  50,0 

•  50.0 

•  •0.0 
•  *•0.0 
••C.O 
•  •0,0 
•  •0.0 
•  •0.0 
••0.0 
••o.o 

•  70.0 

•  70.0 

•  70.0 

•  70.0 

•  70.0 

•  70.0 

•  70.0 
*70.0 
*70,0 
*70.0 

•  70.0 

•  70.0 

•  •0.0 
*•0.0 
•*0.0 
0*0.0 
•  •0.0 
••0.0 
••o.o 
0*0,0 
**0.0 

•  •o.o 

•  *0.0 
••o.o 
•  •0.0 
••o.o 


•  ,904 
5.0*# 
5.1*# 
5.2T0 
S.J7U 
5. *70 
5.57P 
5.  #•# 
5,5## 
5.66# 
5.7## 
5.6b# 
5.9*# 
5.66# 
5.7## 
5.8*« 
5,96# 
6.06# 
*.16« 

•  •2## 
6,36* 
*,«*• 
5.872 
5.972 
*.072 
*.172 
9.272 
*.372 
*.•72 
*.572 
*•*72 
*.772 
*.*72 
*.972 
*«0*6 
*»  1  •• 
*•2** 
*.3*« 
*.**• 
*.S*» 
*.*•* 
*»7#« 
*.»*# 
*.9*# 
7,0*# 
7.1** 
7,29* 
7.i«« 


.00052 
*00053 
*00053 
.0005# 
.00055 
.00055 
.0005* 
.00055 
.0005* 
.00057 
.00057 
*00050 
.00056 
.00057 
.00057 
.0005* 
.0005* 
.00059 
.00060 
.00060 
.0006! 
.01061 
.0005* 
.0005* 
.00059 
.00060 
.00060 
. 000*1 
*00061 
.00062 
.000*3 
•  «00bS 
.0006# 
.0006# 
.00059 
.00060 
.00060 
.00061 
.00061 
.00062 
.00063 
•00063 
.0006# 
.0*06# 
.00065 
•Or 065 
.0006* 
•OuO#7 


.0003# 
.00072 
.0005 2 
•0OJOJ 
.0007s 
.00061 
•0005} 
•00133 
.00095 
.0007* 
.000*9 
.000*2 
.00057 
.0016# 
.OOlty 
•0009# 
.000*6 
.0007# 
.00070 
.000*6 
.000*2 
•00059 
•0019# 
.001*0 
•  001U 
.00101 
.0*09} 
■00086 
.ono7f 
.00076 
.00071 

•ono6e 
.00065 
•00063 
.00232 
•00166 
.00117 
.001  It 
*00|0« 
.00099 
«0009| 
•OOOI* 
»000*J 
.00080 
•00077 
.00076 
.00072 
.00070 


!•*«« 

1.788 

!.75| 

1.926 
1.872 
1.869 
1.83* 
2.0*3 
1.995 
1.965 
1*968 
1.93# 

1.927 
2.207 
2.123 
2.086 
2.064 
2.050 
2.039 
2.031 
2.024 
2.019 
2.356 
2.257 
2.212 
2.186 
2.1*8 
2.155 
2.1*5 
2.137 
2.13] 
2.125 
2.121 
2.117 
2.518 
2.39* 
2.3*5 
2.31* 
2.292 
2.277 
2.2*5 
2.256 
2.2*8 
2.2*1 
2.21* 
2.231 
2,227 
2.22  S 


3.177 
1.303 
2,13* 
1.007 
l.*5* 
1.779 
2.0*2 
.733 
1.0*3 
1.335 
1,339 
1.712 
1.0*3 
.330 
.837 
1.0*3 
1.208 
1.1*8 
1  .*7 1 
1.379 
1.677 
1.766 
•  *16 
.659 
.831 
•969 
1.086 
1.1*8 
1.27* 
1.360 
!.«>« 
1.50< 
1.363 
1.62* 

•  312 
.321 
•6*9 
.7*7 
.*•* 
.973 
1.0*9 
1.119 
1.1*2 
1.239 
1.29J 
1.3*3 
1.3*9 
I  .*33 


.*5* 

.*•3 

.««« 

•  *3fc 
.*36 
.*35 
.*35 
.*2  8 
.**7 
.*27 
.*27 
.*26 
.*26 
.*19 
.*19 

•  «16 
.*18 
.*18 
.*17 
.*17 
.*17 
.*1* 
.*11 
.*10 
.*10 
.*10 

•  *09 
.*09 

•  *0* 
«*0* 
.*0* 
,*07 
,*07 

•  •07 
.902 
.*02 

•  *01 
.901 
.*01 
,*00 
.*00 
.*00 
.399 
.199 
.199 
,39* 
,396 
,39* 


8**t0lN6  6 


.1*0 
•  1** 

•  1*7 
.1*9 
.171 

•  173 

•  173 

•  173 

•  175 
.177 
.179 

•  181 
.1*3 
.177 
.179 
•  1*1 
.183 
•  186 
•  |8* 

•  190 

•  192 

•  19* 

•  1*2 
.186 
•  1*6 
•  186 

•  190 

•  1*2 

•  1*4 

•  196 

•  19* 
•200 
.202 
•206 

•  186 
•  1*8 

•  !9o 

•  192 
.!*• 

•  1*6 
,198 
•  200 
•  202 
•  206 
•  206 
•  206 
•  210 
•212 


MO.n 

*«o.o 

»*0,0 

4*0,9 

4*0.0 

4*0,0 

*•0.0 

**c.o 

4*0.0 

•*o,o 

4*0.0 
4*0 .0 
e*o.o 
«*o.  o 

4*0.0 
•  •0.0 
•  •0.0 
••0.0 
*•0.0 
*•0.0 
**0.0 
•*0,0 
*00.0 
*00.0 
•oo.o 
*00.0 
*09.0 
*00.0 
*00.0 
*00.0 
*0<I, 0 
•00.0 
*00,0 
*00.0 
*00.0 
*00.0 
*00,0 
*00. 0 
*O0,n 
*00,0 
*00,0 
*00,0 
*00,0 
*00.0 
*00.0 
*00.0 
*00.0 
*00.0 
*>0.0 
*10.0 
*10.0 
*10.0 
*10.0 
*10,0 
*10,0 
*10,0 
*10.0 


7.466 

7,3«* 

MW 

4. 412 
4.512 
*.  612 
Mi; 

».n; 

*.*14 

7.012 

7.112 

7.412 
7.j»2 
7. *12 
7  .512 
7. *12 
7.714 
7. *14 
7. *12 
•  .314 

a. M2 

*.4*4 
4.5*4 
*.*«« 
*,?•« 
*.••« 
4.V4* 
7,0a* 
».l«« 
7.4*4 
7.J«« 
7,4  *a 
7.3*4 
7.6*4 
7,7** 
7.*** 
7,**« 

•  .0*4 

•  .1*4 

•  «4*4 

I.JM 

".*44 
4.3*  4 
6,654 

•  ,744 
«.*** 
*.*44 
*.'.'4  4 

*.7»3 
4. M3 

*.**s 
7,043 
7,1*6 
7  ,?*5 
7, 1*3 
7. '1*6 
7,6*6 


,000*7 
,00«'6H 
, 000*0 
.00061 
,0< Obi 
.0006 2 
.00061 
.0006) 
.0006* 
.01)06* 
.00066 
.00066 
.0006* 
•*0067 
.00067 
.0006* 
,0006* 
,*006* 
.0006* 
.floor© 

.00070 

.00071 

.00062 

.00062 

.0006) 

,00064 

.0006* 

.00065 

.00065 

.00066 

,0006b 

.00067 

.00067 

.0006* 

.0006* 

.0006* 

,0006* 

.00070 

.00070 

,00071 

•00072 

•  »0  on 

.0C07I 
.01*07 1 
.00071 
.0l<07« 
.0(07* 
.Oo075 
.0006) 
,000e« 

,  0()064 
.00065 
. 00065 
.00046 
«0fu>*7 
»Oii067 

.000a* 


*00066 
,00066 
•  0027b 
.001*5 

•00(9* 
•00|1* 
•001 25 
•00116 
•00106 
•00102 
.000*7 
■000*3 
•000»* 
•00006 
•000*1 
•000*1 
•0007* 
.00077 
•00075 
•0007) 
•00072 
■  *00071 
•00)12 

•  00223 
•0*1*4 
.00160 
.001*5 

•001 JJ 

.00124 

.00117 

•  001 1 1 
.00107 
•00102 
•000«* 
•000*6 
•0009) 

.000*0 

•0004* 

•000*6 

.000)4 

•000*3 

•000*1 

•ooooo 

•00076 

•00077 

.00076 

•00075 

.00074 

•00356 

•00255 

•00210 

•0«|*4 

•00166 

•00154 

•001*4 

.001)4 

•0*127 


2.220 
2.217 
2.666 
2.5*6 
2.4*4 
*.*•• 
«»•*) 
2.  *05 
2.3*1 
2.37* 
2.37o 
2.3*3 
2.356 
2.3*0 
2.3*5 
2«3*> 

2.3)7 
2.33* 
2.330 
2.329 
2.325 
2.322 
2.41 
2.70) 
2.6)1 
2.32* 
2.360 
2.5)6 
2.322 
2.30* 
2.*** 
2.**0 
2.4*2 
2.475 
2.470 
2.46# 
2.460 
2.45* 
2.452 
2.  **• 
2.4*6 
2.*#) 
2.4*0 

2.4) 6 

2.4) 5 
2.*)) 

2.4) } 

2.4) 0 
3.05* 
2.4*4 
2.74. 
2.737 
2.70) 
2.67* 
2,660 
2.445 
2.43) 


1*474 

1.312 

.2)0 

.*11 

•  340 

•  44* 
.727 
.40* 
.  6** 
.**• 
.46* 

1,03* 
1.074 
1.121 
1.1*1 
1.1*6 
1.233 
I  .267. 
1.2*4 
1  .)*« 
1,334 
1.36* 

•  1*3 
.321 

,t)i 

.323 

.3*8 

•  443 

•  721 
.77) 

•  •20 
.443 
•  *0J 
.*•1 
.*73 

1.00* 
1.C3* 
1,06* 
1.0*3 
1. 121 
I  •  1*4 
1.1*0 
1.1*2 
1.214 
1.23* 
1.234 
1.27) 
1.2*1 

•  Ml 
.2*7 

•  3*4 

•  *6« 
.*•1 

•  3*4 
.3*4 
.*#3 

•  4*6 


.347 

.3*7 

.)«• 

.3*3 

•  3*3 
.3*3 
.3*2 
.3*2 
.3*2 
.3*1 
.3*1 
.3*1 

•  3*0 
.3*0 
.3*0 

•  36* 
.3** 
,36* 
,344 
.3*4 
.144 
.3*4 
.3*3 
.3*3 
.344 
.3*4 
.34* 
.363 
.3*3 

•  lfti 
.»*) 
.142 

•  342 

•  3*2 
.341 
.3*1 
.3*1 
.3*0 
.340 
.340 

•  340 

•  37* 
.17* 
.37* 
.374 
.37* 
.374 
.37* 
.177 
.176 
.374 
.376 

.373 

.173 

.173 

.37* 

.374 


•  21) 
•m 

•  i«i 
.1*3 
.1*8 
.1*7 

•  I** 
•20} 
•202 

•  20* 

•  204 

•  204 
.210 
.212 
.21* 
•214 

•  214 

•  990 

•  22! 
•223 
•223 

•  227 

•  1*3 

•  1*7 
■  1** 
•101 

•  203 

•  203 

•  207 
•20* 

• 211 
•m 

•213 

•214 

•  21* 

•  220 
• 999 
•22* 
•224 

•  227 

•  229 

•  23) 
•233 
•23* 
•23* 
•2I« 

•  2*0 
•2*1 
•too 
•202 
•  20* 

•  206 
•  206 
•  210 
•  212 
.213 
•  215 


APPENDIX  C 

EXPERIMENTAL  DSC  DATA 


i  !»•  eirpet  natertdl  tested  In  the  DSC.  The  degradation  reactions  are  solely  endotherwlc  In  this  lnert(Ry) 
atnoiphere  as  can  be  seen  In  the  trace  above.  The  beating  rate  Is  ZO*C/«1n.  Such  data  are  asafei  In 
.  the  analyses  treating  the  subsurface  reactions  nbare  the  access  to  atmospheric  Oxygen  Is  United. 


m 


BMH 


mmmm 


The  Carpet  Material  In  the  DSC.  The  degradation  reactions  are  endottemlc  In  the 
beginning  but  be  cow  exothenalc  as  the  temperature  Increases.  The  atmosphere  Is 
air.  In  contrast  to  the  trace  In  figure  4a,  strong  effects  of  oxidative  degradatlo 
are  Indicated.  Such  data  are  useful  In  treating  surface  reactions  In  an  actual 
carpet  In  a  fire  situation,  (the  heating  rate  Is  20*C/n1n.) 
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APPENDIX  D 


EXPERIMENTAL  TGA  DATA 


MtMWH.-l!. 


SAUP1E  TtMPf  flAUUtt  % 
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jg5=ig;^^gfa^^jsgES=5^s^gsss=gjgss=l 

ls§5lllIEj^Bg!g5g=^il==glj|g^ligjiggglB 

iiiSI^BSii^aggiH 


isag^g 


iilBI 


!iP^pgBgg|||l|| 

^^j?=S£=??*=lalEE»^:' 


•'  ■  '- 


r  r  t  i 

i  ili 

i  i«  i 


:=:= 


I. 

hi  i 


Isgj  I^SKSsSSS^B 


T 


iMT 


jSggcB=cE»M£55. 


j=ai:^=:.LLi-L..s=g^P^aE3Sg«a;t j^-wpwi 


■FcEaSE: 


rn.  r- r=ir3g-nT^g3r.^§£?r^I=  ■  ■  ITTrlmW 


■f— -j— ■  ^‘ul  i  ^  E'  iB 

—  ITTJ  -  L— . E3B3SM T^ffrrTTT C-J. _ i,»g 


-  n  mi  ■  p  i m sms  i  i;».'i:  tt  -  mi — '»  '-  *  **  »  11  F  1  1 


EiP&aESB^i 


|EFgSBgEggBggjgHBggg”gj 


IIi@i=iliiilSiSSi 

|  7  g^acaasqpgciaesqp 


\^Mi 


=E= 


-  —  —  sc:s=PPPPPP3gsgixic->ssg=:pmia<ir7ir7PP^3s==gp;B 


AMtnt  TFMff  RA1IIMI:  ' 


SAMtlfc  IfctimiAVMM. 


II  i « M,i*t  M  IIANM  |W1» 


MTUMt  % 


o*n .  Lzli^tL _ 


